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Introduction
The identification of the subcellular localization of all proteins can provide key insights into the cellular function of the individual proteins as well as their probable interacting partners (1) . So far systematic studies of subcellular localization of proteins have been performed either with cellular fractionation (2) or fluorescence microscopy (3, 4) . The most commonly used approach in the latter case is based on transfection of cells with cDNA clones fused to a fluorescent reporter protein, like green fluorescent protein (GFP). The fluorescent reporter protein is cloned to either the N-or C-terminal of the target protein. Even though numerous experiments have shown the usefulness of this approach (3, 4) , recent studies have indicated that GFP can induce translocation to the nucleus causing artifactual localization results (5) .
An alternative approach for localization studies is to use antibodies or other affinity reagents to specifically visualize the subcellular localization of proteins. The major advantage using the antibody-based method is that no genetic constructs are needed and that the possible artifactual effects of protein fusions are avoided. One drawback is that this strategy requires fixed and permeabilized cells, limiting the experiments to dynamically fixed end-points. The antibody-based and the fluorescent tag methods are therefore complementary for large-scale studies of protein localization in cellular systems. The reason that no one, so far, has attempted to use the antibody approach in large scale is most likely the lack of protein binders to an adequate number of proteins (6) . The Swedish Human Protein Atlas (HPA) program has recently been set up to allow for systematic exploration of the human proteome using antibody-based proteomics (7) . This is accomplished by combining high throughput generation of affinity-purified (monospecific) antibodies with protein profiling in a multitude of tissues/cell types assembled in tissue microarrays. Due to the difficulty to acquire spatial information on fine cellular and subcellular Towards a confocal subcellular atlas of the human proteome level using immunohistochemistry, we have therefore decided to expand the analysis with confocal microscopy using fluorescently labeled antibodies. Here, we report on a pilot study of 466 proteins in three human cell lines as a first attempt to generate an atlas of human proteins using confocal microscopy. This pilot study has generated approximately 3000 high resolution images all available on the Human Protein Atlas portal (www.proteinatlas.org).
Experimental Procedures Cell Culture
Three different human cell lines are used in this study: U-251MG, glioblastoma cell line, provided by Prof. Bengt Westermark, Uppsala University (Sweden); A-431, epidermoid carcinoma cell line, obtained from the DSMZ cell line bank (Braunschweig, Germany); U-2OS, osteosarcoma cell line, obtained from ATCC-LGC Promochem (Boras, Sweden). All cell lines are grown at 37°C in 5% CO 2 environment in media suggested by the provider. All growth media are supplemented with 10% fetal bovine serum (FBS) and an antibiotic/antimycotic solution (all from GIBCO, Invitrogen, Stockholm, Sweden).
Immunofluorescent Sample Preparation
Immunofluorescent stainings are prepared in 96-well glass bottom plates (Whatman, Maidstone, UK). After coating each well with human fibronectin, 12.5 μg/ml, (Sigma-Aldrich, Stockholm, Sweden) for 1 hour followed by washes with PBS, 15000 cells (10000 for A-431 cells) are Towards a confocal subcellular atlas of the human proteome (Sigma) in growth media for 15 minutes and permeabilized using freshly prepared 0.1% Triton X-100 in PBS (Sigma) for 3 times 5 minutes. Rabbit mono-specific HPA antibodies are dissolved to 2 μg/ml in blocking buffer (PBS + 4% fetal bovine serum) containing 1 μg/ml mouse anti-tubulin (Abcam, Cambridge, UK) and 1 μg/ml chicken anti-calreticulin (Abcam).
Incubation of primary antibodies is performed overnight at 4°C. After 4 washings with PBS, secondary antibodies, goat-anti-rabbit Alexa488, rabbit-anti-mouse Alexa555 and goat-antichicken Alexa647 (Molecular Probes, Invitrogen) diluted to 1 μg/ml in blocking buffer are incubated for 1 hour at room temperature. The cells are counterstained with the nuclear probe DAPI, diluted to 300 nM, for 4 min. After extensive washes with PBS the wells are filled up with PBS containing 78% glycerol before sealed. On each plate a negative control well is included, where the primary antibodies has been left out. This is used as a reference to assess positive from negative staining.
Image Acquisition
Image acquisition is performed with a LSM 510 Meta, confocal laser scanning microscope, equipped with a motorized table and a 63X/1.4 NA oil immersion objective (all equipment from Carl Zeiss GmbH, Jena, Germany). Images are acquired in 4 sequential steps (one for each dye) to minimize the spectral bleed through. In each well two lateral images (selected from the center of the cells), and a single z-axis slice are recorded. The confocal settings are: 12-bit acquisition, line averaging 2, pixel time 1.84 μs and a pixel size of 80x80 nm The detector gain and offset is adjusted for each sample to use the full dynamic range of the detector and to obtain as high signal to noise ratios as possible. The operator ensures that the acquired images are representative for the well. 
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Image Annotation
Image annotation is performed manually using a web-based annotation document (supplementary figure 4) . This enables to link each image to an antibody identification number and existing data available in our Laboratory Information Management System (7). For each image pair, sample identification tags and microscope parameters are entered and the image is further visually inspected before the antibody specific subcellular localization and staining characteristics is described. Based on the image and the detector gain settings, the staining is classified as negative, weak, moderate or strong. Ten different subcellular localizations are listed in the annotation document: cytoplasm, nucleus, nuclear membrane, nucleolus, mitochondrion, endoplasmic reticulum, Golgi apparatus, cytoskeleton, extracellular matrix and vesicles. This last category groups organelles as lysosomes, peroxisomes, endosomes and all types of protein transport bodies. The description of the subcellular compartments is further combined with parameters describing the staining characteristics; smooth, granular, speckled, dotty, fibrous or clustered. For an indiscernible pattern, the image is annotated as unspecific (supplementary figure 5). For a pattern that does not fall into the ten subcellular categories, the image is annotated as 'other' combined with a comment.
Data Handling
After scanning of the microplate, images are collected on our servers and compressed into different resolution JPEG images for display purposes. All raw (TIFF) images are kept and stored in the campus facility. Each well of a plate correspond to a specific antibody and is Towards a confocal subcellular atlas of the human proteome described by an identification number. It allows linking the new subcellular information to the existing database with immunohistochemistry data and antibody information (see figure 6 ).
Data Analysis
Figures 2, 3 and supplementary figures 1, 2 and 5 are prepared using ImageJ software (NIH, Wayne Rasband) and Adobe Photoshop (Adobe Systems, Kista, Sweden). Figure 5 is made using Matlab R2007a (Mathworks, Natick, MA, USA). Figure 1 shows the workflow used in this study, from high throughput production of monospecific polyclonal antibodies to protein profiling and subcellular localization (7-9). The first step (1) is the design of protein fragments (100 to 150 amino acids) using bioinformatics tools and ENSEMBL database (www.ensembl.org). The next step (2) yields mono-specific antibodies by the mean of cloning, protein expression, immunization and affinity purification (8) . A key step is the standardized quality controls of the antibodies (step 3 in figure 1 ) and we have here analyzed the antibody specificity and selectivity by protein arrays and Western blots to validate protein size and expression pattern (9). All antibodies are further used for immunohistochemical staining of microarrays comprising a variety of normal and cancer tissue as well as cell samples and cell lines (7, 10) (step 4). Each image from the tissue microarrays are annotated by certified pathologists to score protein expression levels in the different organs. For cell microarrays, automated annotation is achieved with a tailored image analysis application (10) . The confocal atlas (step 5), described in this paper, adds subcellular information to the previously described 
Results
Workflow
Sample preparation and image acquisition
Three cell lines, U-2OS, A-431 and U-251MG, originating from different human tissues have been chosen to be included in the atlas. To enhance the probability for a large number of proteins to be expressed, we selected cell lines from different lineages, i.e. tumor cell lines from mesenchymal, epithelial and glial tumors. The selection was furthermore based on morphological characteristics, widespread use and multitude of publications using these cell lines. The U-2OS cell line was derived from an osteosarcoma from a 15 year old patient and exhibits an epithelial adherent morphology despite that it originates from a malignant cell type displaying a mesenchymal phenotype. The A-431 cell line, derived from a squamous cell carcinoma from an 85 year old female patient, originates from an epidermoid carcinoma and represents an epithelial cell lineage. This cell line has been extensively used as a model for epithelial cancer. The third cell line, U-251MG has also been extensively used in glioma research. This cell line is derived from a high-grade malignant glioma (glioblastoma multiforme) and is expected to express several brain specific proteins, which may not be present in cells derived from epithelial or sarcomatous tumors.
Several different cellular probes were tested as reference for identification of organelles and other cellular compartments. Due to limitation of the excitation/emission characteristics of the used fluorescent probes (i.e. to avoid problems associated with spectrally overlapping fluorophores) and the need to maintain a high throughput operation, we decided to limit the pilot 
Annotation of subcellular localization
The analysis of three cell lines using four probes were performed for 466 antibodies selected at random from the validated list of antibodies generated within the framework of the Protein Atlas Towards a confocal subcellular atlas of the human proteome endoplasmatic reticulum, Golgi apparatus and extracellular matrix. The microscopic parameters are set to reach a lateral resolution close to the diffraction limit, i.e. about 200 nm. All images in the atlas were manually annotated using a web-based annotation tool (supplementary figure 4) .
The subcellular localization, staining pattern characteristics (e.g. smooth, speckled, etc) and intensity were manually annotated.
The diversity of staining patterns is illustrated by examples of nuclear staining in figure 3.
Eight different proteins are shown, all having different distributions within the nucleus (nucleus, nucleoli, nuclear membrane) as well as varying characteristics of the staining (smooth, granular, speckled, dotty, clusters of spots). More detailed annotation could provide more information about the function of individual proteins, but the large spectrum of staining patterns makes a more detailed annotation risky and could lead to false positives (13) . Therefore the annotations are focused on the main organelles and to ensure that no information is lost, both the images and annotation comments are accessible for the viewers. Towards a confocal subcellular atlas of the human proteome pointing out that unspecificity of the staining can also be associated with the employed fixation/permeabilization protocol as shown previously.
Quality of antibodies
Evaluation of localization
In figure 4, 
Comparisons with gene ontology annotations
In figure 5 , localization annotations from this study are compared with the Gene Ontology (GO) annotations in a 'score map'. To be able to link the two annotation ensembles, a first database has been populated to connect each HPA antibody with its corresponding cellular component GO terms (data are mined from the antibody information pages available on our servers). A second database links our annotation terms (i.e. nuclear, cytoplasm, mitochondrion, etc.) with GO terms from the cellular component category (available at www.geneontology.org/ GO.downloads.ontology.shtml) based on term similarity. Finally, a color score is generated for Towards a confocal subcellular atlas of the human proteome often annotated compartments and here the agreement with GO data is lower (45% and 55% respectively). One explanation for this discrepancy is the limitations due to employing only one method for sample preparation. For example the clusters indicated by (c') and (d) in figure 5A (cytoskeletal and vesicular proteins respectively) have in the experimental evaluation been annotated as nuclear or cytoplasmic. This might be expected since some types of proteins will not easily be resolved in their intact subcellular compartment and hence fall into a less resolved compartment, i.e. cytoplasm or nucleus. Another reason for this discrepancy is that annotations often take multiple localizations into account. The nuclear and cytoplasmic compartments could in this context be considered as meta-compartments including cytoplasmic and nuclear organelles. This will sometimes lead to false mismatches when comparing with predictive data.
Interestingly, when compiling data from all three cell lines (panels A, B, C in figure 5 ), there is a 60% agreement between the GO prediction and the experimental localization determined here (data not shown). The presented data therefore adds valuable experimental information to the Gene Ontology terminology by evaluating subcellular localization in cells with different phenotypes.
Integration into the Human Protein Atlas
The images and subcellular localization data resulting from this project will be released as a new feature of the currently available protein atlas (www.proteinatlas.org). In figure 6 , a screen shot of the layout of the subcellular atlas is shown. The objective is to include this analysis for every antibody/protein included in the Atlas in the future. 
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Discussion
Here, we describe a pilot study for the systematic localization of human proteins with confocal microscopy. A single fixation/permeabilization protocol has been used and a manual annotation has been conducted with the aid of three organelle probes, representing nucleus, cytoskeleton and endoplasmatic reticulum. Over the past decade, automated image systems for cell-based assays have been developed, often referred to as high-content screening or high throughput microscopy systems, and these are increasingly being used for basic research on biological pathways (15) (16) (17) . However, systems with ultra high throughput capacities are often lacking the single cell or subcellular resolution. Therefore, we have used a conventional confocal microscope and manual image capturing to generate a subcellular atlas with high spatial resolution.
In the past decade, fluorescence microscopy imaging has gone through a dramatic change due to development of new types of fluorescent probes, new advancement in imaging instrumentation (18, 19) and new applications (3, 20) . All proteomics studies using cells and imaging rely on three major steps: sample preparation, image acquisition and data analysis. For the first step, two different techniques are available: live cell studies (21) Towards a confocal subcellular atlas of the human proteome bring a pseudo-dynamic input for protein localization (22). New imaging techniques, such as imaging-bleaching cycles could also be use on selected sets of proteins to study protein networks and interactions (23) .
Here, we have performed manual annotation on each image to classify antibody staining patterns into different subcellular compartments. As shown in a recent review, human and computer accuracy scores are comparable for large organelles like mitochondria, endoplasmic reticulum or cytoskeleton (14) . However, human annotation is labor intensive and is susceptible to annotator subjectivity and automated image analysis is therefore attractive. Such analysis can be performed using two different principles; (i) co-localization or (ii) pattern recognition. For co-localization analysis, organelle specific markers are needed for every subcellular compartment to be analyzed and 3D image acquisitions are desired and this makes such studies difficult and demanding. A pilot study has been conducted on a reduced set of organelle markers (Barbe and Andersson Svahn, unpublished data) demonstrating the feasibility of such an approach, although more technical development are needed to implement such a strategy in a stream-lined, high throughput scheme. The pattern recognition strategy has shown feasibility and accuracy in large scale studies (25) (26) (27) . It can be divided into two groups, supervised and unsupervised classifications. Supervised learning requires an initial training phase before the subcellular location class of the protein can be determined. Unsupervised learning methods are able to define classes based on the distance of objects in a feature space (28) . These different approaches are currently investigated to enable automated image annotation. First step consists of amino-acid sequence design from a gene using Bioinformatics tools (1) followed by cloning, expression in E.Coli, immunization of rabbits and affinity purification (2) . Number of antibodies per chromosome covered for a total set of 466 antibodies.
Supplementary Figure 4.
Web-based annotation document.
Supplementary Figure 5.
Examples of unspecific staining and 'cytoplasm+nucleus' staining for U-2OS cell line. 
